virus (23) that requires low pH (24). Our findings rationalize these observations and emphasize the emergence of intracellular receptors for virus entry.
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Dynamin superfamily molecular motors use guanosine triphosphate (GTP) as a source of energy for membrane-remodeling events. We found that knockdown of nucleoside diphosphate kinases (NDPKs) NM23-H1/H2, which produce GTP through adenosine triphosphate (ATP)-driven conversion of guanosine diphosphate (GDP), inhibited dynamin-mediated endocytosis. NM23-H1/H2 localized at clathrin-coated pits and interacted with the proline-rich domain of dynamin. In vitro, NM23-H1/H2 were recruited to dynamin-induced tubules, stimulated GTP-loading on dynamin, and triggered fission in the presence of ATP and GDP. NM23-H4, a mitochondria-specific NDPK, colocalized with mitochondrial dynamin-like OPA1 involved in mitochondria inner membrane fusion and increased GTP-loading on OPA1. Like OPA1 loss of function, silencing of NM23-H4 but not NM23-H1/H2 resulted in mitochondrial fragmentation, reflecting fusion defects. Thus, NDPKs interact with and provide GTP to dynamins, allowing these motor proteins to work with high thermodynamic efficiency.
T he 100-kD dynamin guanosine triphosphatase (GTPase) promotes uptake of cell-surface receptors both by clathrin-dependent and -independent pathways (1, 2). Dynamin polymerizes into helix around the neck of endocytic pits and induces guanosine triphosphate (GTP) hydrolysis-driven membrane fission (3-7). Typical of molecular motors, dynamin has a low affinity for GTP and a high basal GTP-hydrolysis rate, which can be further stimulated by dynamin polymerization (8, 9) . This maximizes chemical energy gain and kinetics of hydrolysis, respectively, which in vivo depend on high concentration ratios of adenosine triphosphate/adenosine diphosphate (ATP/ADP) or GTP/guanosine diphosphate (GDP). The cellular concentrations of GTP and GDP are at least a factor of 10 lower than those of ATP and ADP, and GTP/GDP ratios could thus decrease much more rapidly at elevated workload, both of which make GTP not an ideal substrate for highturnover, energy-dependent enzymes. Paradoxically, dynamin GTPases are among the most powerful molecular motors described (7) .
Studies in Drosophila identified a genetic interaction between dynamin and Awd (10) (11) (12) . Awd belongs to the family of nucleoside diphosphate kinases (NDPKs), which catalyze synthesis of nucleoside triphosphates, including GTP, from corresponding nucleoside diphosphates and ATP (13) . The most abundant human NDPKs are the highly related cytosolic proteins NM23-H1 and -H2. NM23-H4, another NDPKfamily member, localizes exclusively at the mitochondrial inner membrane (14, 15 mice. Mice were injected intraperitoneally with wild-type Lassa virus, and viral titers (y axis, plaqueforming units/mL) were determined after 6 days in the indicated tissues. The horizontal line marks the detection limit. (B) Flag-tagged Lassa-GP was immobilized on beads and incubated with cell lysates from wild-type, TMEM5-, or ST3GAL4-deficient cells at the indicated pH. The glycosyltransferase TMEM5 is needed to generate an epitope on a-DG that is recognized by Lassa-GP (4). Bound proteins were subjected to immunoblot analysis. Asterisk indicates nonspecific background band.
membrane dynamics require dynamin-related GTPases (16) . We hypothesized that NDPKs could influence the function of dynamin family members in membrane-remodeling events through spatially controlled GTP production and availability.
Knockdown of NM23-H1 and -H2 ( fig. S1 , A to E) reduced clathrin-dependent endocytosis of the transferrin (Tf) and epidermal growth factor (EGF) receptors (Fig. 1, A and B, and fig. S2, A to E) and clathrin-independent dynamindependent endocytosis of interleukin-2 receptor b subunit (Fig. 1C) . The endocytic defect of EGF receptor was partially rescued by expression of wild-type, small interfering RNA (siRNA)-resistant NM23-H1, but not by kinase-dead NM23-H1 H118N mutant (Fig. 1D) . Thus, the function of Awd/NM23 in dynamin-mediated endocytosis is conserved from Drosophila to mammalian cells [(10) and this study].
Like in dynamin-null cells (17) , NM23-H1/H2 depletion increased the density of clathrin-coated pits (CCPs) at the plasma membrane ( (Fig. 2G) , similar to the phenotype reported in dynamin-null cells (17) , suggesting a role for NM23-H1/H2 in dynaminmediated membrane fission at CCPs.
We examined the intracellular distribution of NM23-H1/H2 and confirmed that both isoforms were predominantly cytosolic, although a low but reproducible association of both isoforms with membranes was found ( fig. S4, (TIRF) microscopy analysis of cells labeled with antibody to NM23-H2 revealed the colocalization of NM23-H2 with AP-2 (a-adaptin) and dynamin-2 at CCPs ( fig. S5, A to D) , which was confirmed by means of proximity ligation assay (PLA), which showed a close proximity of NM23-H1/H2 with a-adaptin and dynamin-2 at CCPs (Fig. 2, H and I , and figs. S6 and S7). Furthermore, NM23-H1/H2 coimmunoprecipitated with dynamin-1 (Fig. 3A) and with dynamin-2 (Fig. 3B) , and purified full-length recombinant NM23-H2 and dynamin-2 interacted directly in vitro (Fig. 3C) . We investigated the contribution of the C-terminal proline-rich domain (PRD) of dynamin-2 to this interaction because this domain binds to several dynamin regulators and effectors (18) . The dynamin-2 PRD domain fused to glutathione S-transferase (GST) pulled-down NM23-H1 and -H2, indicating that dynamin-2 physically interacts with both NM23-H1/H2 isoforms through its PRD (Fig. 3D) . Thus, NM23-H1/H2 interact with endocytic dynamins at CCPs.
Next, we explored the role of NM23 NDPK activity in dynamin function. Whereas silencing of both NM23-H1 and -H2 isoforms caused a~80% decrease of NDPK activity ( fig. S8A ), overall intracellular GTP levels were not affected by NM23 knockdown (fig. S8B ) [nor were other nucleoside triphosphate levels affected ( fig. S8C)] . Thus, decreased endocytic rate and increased CCP accumulation of NM23-depleted cells were not a consequence of a reduced bulk intracellular GTP concentration, but rather support a role of NM23-dynamin complexes in which NM23 generates GTP in the vicinity of dynamins to avoid a local drop in GTP/GDP ratio. Indeed, in the absence of added GTP and in the presence of NM23 substrates GDP (1 mM) and ATP (1 mM), catalytically active recombinant NM23-H1 and -H2 proteins triggered GTPase activity of dynamin-1 and -2 (Fig. 3E) , whereas kinase-dead NM23-H1 H118N mutant did not (Fig.  3E) . In the presence of nucleotide concentrations close to cellular levels-100 mM GTP, 10 mM GDP, and 1 mM ATP-NM23-H1 and -H2 were still able to enhance dynamin-1's GTPase activity by 30 to 35%, indicating that NM23 could stimulate dynamin activity further in the presence of physiological GTP level (Fig. 3F) . This reflects the capacity of H1/H2 to directly provide GTP to dynamins within NM23/dynamin complexes.
Next, we monitored the capacity of NM23 to promote dynamin-mediated membrane fission in vitro. Classical dynamins can tubulate membrane sheets in the absence of GTP and then fragment the tubules depending on GTP hydrolysis (6) . Dynamin-induced tubular networks remained stable in the presence of 1 mM ATP and 1 mM GDP and in the absence of NM23 (Fig. 3G and movie S1), and tubules were not altered by NM23-H1 or -H2 in the absence of nucleotides (Fig. 3G and movies S2 and S3, time 0) . In contrast, in the presence of NM23, addition of 1 mM ATP and 1 mM GDP induced breakage and collapse of the tubule network (Fig. 3G and movies S2 and S3), with a fission density of 1 event per 8.3-mm tube length (n = 20 tubes). Most of the fission events occurred during the first 60 s after addition of ATP and GDP ( fig.  S9A ). Immunogold electron microscopy (EM) on liposomes incubated in the presence of purified NM23-H2 and dynamin-1 revealed that NM23-H2 decorated the length of the membrane tubules (Fig. 3, H and I ). In addition, EM of negatively stained preparations of membrane tubules confirmed the association of NM23-H2 to the surface of dynamin-1-coated tubules ( fig. S9B) . Thus, NM23 bound to membraneassociated dynamin affects dynamin function in membrane fission.
Given the efficiency of NM23-driven GTP supply to dynamins, we explored whether in another compartment, the mitochondria, mitochondrial NM23-H4 isoform was capable of supporting dynamin-related GTPase OPA1. In contrast to the typical tubular morphology of mitochondria in HeLa cells transfected with MitoDsRed, cells silenced for NM23-H4 showed abnormally fragmented and swollen mitochondria (Fig. 4, A and   B) . Depletion of NM23-H4 phenocopied the loss of OPA1 on mitochondrial morphology, whereas knockdown of NM23-H1/H2 did not alter mitochondrial morphology (Fig. 4, A and B) . EM confirmed the severity of mitochondria alterations in NM23-H4-depleted cells (Fig. 4C) , which is reminiscent of mitochondrial fusion defects as a result of OPA1 loss of function (19) . Furthermore, immunofluorescence staining and PLA documented the colocalization and close proximity of NM23-H4 and OPA1 in mitochondria (Fig. 4D  and fig. S10 ), which is in agreement with their reported interaction (20) . To directly show the involvement of NM23-H4 in GTP fueling to OPA1, we determined the GTP hydrolysis rate of OPA1 reflecting GTP loading. Recombinant NM23-H4 triggered OPA1's GTPase activity in the presence of liposomes, mimicking the composition of the mitochondrial inner membrane (Fig. 4E) . GTP loading on OPA1 was further increased by~30% by NM23-H4 in the presence of native mitochondrial GTP concentration (Fig. 4F) , which is similar to that observed for NM23-H1/H2 on classical dynamins (Fig. 3F) . Fig. 3E . Results are expressed as percentage of control condition (1 mM GTP) from three independent experiments. *P < 0.05 compared with the ATP+GDP condition. (F) GTPase activity of human OPA1 in the presence of cardiolipin-enriched liposomes and NM23-H4 measured in the presence of physiological mitochondrial nucleotide concentration (1 mM ATP, 100 mM GTP, and 10 mM GDP). Results are expressed as percent of control (ATP+GTP+GDP) from duplicate samples from two independent experiments. *P < 0.05 compared with the control condition.
We have shown that members of the NM23/ NDPK family interact directly and specifically with members of the dynamin superfamily and thus are positioned to maintain high local GTP concentrations and promote dynamin-dependent membrane remodeling. The role of NM23 is well supported by their high NDPK turnover number [k cat 600 s −1 per active site (21)]. Furthermore, the localization of the NM23-H3 isoform at the mitochondrial outer membrane ( fig. S11) , where dynamin Drp1 is recruited to mediate mitochondrial fission, suggests that NM23-H3 could assist Drp1 in this process. These findings identify a general mechanism by which different NDPKs maintain high GTP concentration to high-turnover GTPase dynamins for efficient work in different membrane compartments.
